ABSTRACT: Proteoglycans are considered integral structural components of tendon and ligament and have been implicated in the resistance of compressive forces, collagen fibrillogenesis, matrix remodelling and cell signalling. Several sequence variants within genes encoding proteoglycans were recently implicated in modulating anterior cruciate ligament ruptures (ACLR). This study aimed to test the previously implicated variants in proteoglycan and vascular epithelial growth factor encoding genes with risk of ACLR in a population from Poland. A case control genetic association study was conducted using DNA samples from 143 healthy participants without a history of ACL injuries (99 male and 44 females) (CON group) and 229 surgically diagnosed ACLR participants (158 males and 71 females). All samples were genotyped for the ACAN: rs1516797, BGN: rs1042103, rs1126499, DCN: rs516115 and VEGFA: rs699947 variants. Main findings included the (i) ACAN rs1516797 G/T genotype which was underrepresented in the CON group (CON: 36%, n=52, ACLR: 49%, n=112, p=0.017, OR=1.68, 95% CI 1.09 to 2.57) when all participants were investigated and (ii) the BGN rs1042103 A allele was significantly under-represented in the male CON group compared to the male ACLR group (CON: 39%, n=78, ACLR: 49%, n=156, p=0.029, OR=1.5, 95% CI 1.05 to 2.15). Furthermore, BGN inferred haplotypes were highlighted with altered ACLR susceptibility. Although the study implicated the ACAN and BGN genes (combination of genotype, allele and haplotype) in modulating ACLR susceptibility, several differences were noted with previous published findings.
INTRODUCTION
Injuries of ligaments and tendons annually affect 100 million worldwide and are described as the most common structures of musculoskeletal damage. One of the most severe of these injuries include anterior cruciate ligament (ACL) ruptures. The ACL stabilizes and controls the knee joint mobility [1] . During exercise, the ACL lengthens reducing the stiffness of the joint, while after exercise the ACL length returns to baseline due to its viscoelastic properties which protect the knee from excessive slenderness [2] . Dysfunction of the ACL thereby subsequently compromises the knee kinematics.
Are genes encoding proteoglycans really associated with the risk of anterior cruciate ligament rupture?
volume and intensity of training and match play). The ACLR female participants (age 25±4) were 43 soccer players from Polish 1st division soccer league (trained 10-12 hours per week) and also included amateur skiers (n=28). The female participants from CON group (age 29±2) were recruited from sports clubs and wellness centers (physically active for a minimum of 7 hours per week).
Ethics committee
The study was approved by the Pomeranian Medical University Ethics Committee (Poland) and written informed consent was obtained from each participant according to the declaration of Helsinki.
Genetic Analyses
The buccal cells from each participant was collected in resuspension 
Statistical analysis
Genotyping results were analysed using the programming environment R [16] and R package, SNPassoc (version 1.9.2) [17] . Differences between genotype and allele frequencies were determined using Pearson's chi-squared (χ 2 ) and Fisher's exact test. Post hoc analysis of the genotype frequencies considering co-dominate, dominate and recessive inheritance models was performed to identify the over represented genotype. Hardy-Weinberg equilibrium for each group was determined using SNPassoc. A Bonferroni correction was not applied to the significance level in this pilot study. This study aimed to replicate the associations found in previous studies and Bonferroni correction would mask any statistically significant effects or trends [14, 15] . A significance level of p<0.05 was set for all statistical analyses.
Genotype data for the BGN rs1042103 and rs1126499 was used to generate allele constructs using the haplo.stats package (version 1.7.6) [18] . This package was further used to compare the frequency distribution of the inferred allele constructs between the control and case participants using Haplo.score [18] . Haplo.score is a score statistic based on the strength of the association of a haplotype (allele construct) with a given phenotype. A positive value indicates increased susceptibility to an ACLR while a negative value the structural integrity of the ligament [3] . These components collectively facilitate the dynamic elastic and biomechanical properties of the knee for effective function.
The risk of ACL rupture is increased in sports requiring rapid changes in direction and/ or decelerations such in the case of cutting, pivoting and landing [4] . Multiple extrinsic [5] and intrinsic risk factors have been associated with anterior cruciate ligament (ACL) ruptures [6] and more recently, evidence implicating genetic susceptibility as an intrinsic risk factor has been shown [7] . Specifically, roles of the COL1A1 gene [8] , COL5A1 gene [9, 10] , COL12A1 gene [11, 12] , and the chromosome 11 MMP gene cluster [13] have been suggested, to name only a few loci. Although a number of authors claim that greater core stability decreases the risk of ACLR, the search for genetic determinants of susceptibility to ACL rupture continues.
Among such studies, the most promising research which was enthusiastically received by the sporting and physiotherapeutic community implicated genes encoding proteoglycans in the genetic predisposition towards ACL rupture [14] . Furthermore, they suggested that "it is reasonable to propose that genetic sequence variability within the genes encoding proteoglycans may potentially modulate the ligament fibril properties" [14] . This was the first report on associations between genes encoding proteoglycans and ACL injury susceptibility.
Following on from this, we conducted analogous research on a population of Polish athletes. The aim of this study was to verify the first hypothesis in Mannion et al that sequence variants in the ACAN, BGN and DCN, as well as VEGFA (involved in the angiogenesis-associated signaling pathway) [15] are associated with ACL rupture susceptibility. The ACLR participants were soccer players (158 males and 71 females) from the Polish 1st, 2nd and 3rd division soccer league (trained 11-14 hours per week). The control group were healthy, mainly soccer players (99 males and 44 females), who self-reported no history of ligament or tendon injury. All the male participants (ACLR and CON groups) were from the same soccer teams, of the same ethnicity (as self-reported, all Polish, East-Europeans for ≥3 generations), of similar age (ACLR group=26±4, control group=25±3), and had a comparable level of exposure to risk of ACL injury (same indicates reduced risk. Due to the previous sex-specific associations observed all analyses were stratified by sex [9, 14] .
MATERIALS AND METHODS

Participants
RESULTS
Genotype and allele frequencies
When all participants were analysed there was a significant difference in the distribution of ACAN rs1516797 genotype frequencies between the CON and ACLR groups (p=0.041) ( Table I Although, no significant differences in the genotype and allele distributions were noted for DCN rs516115, a trend was noted when only female participants were investigated (Table I) Furthermore, no significant differences in genotype and allele frequencies were noted between any of the groups for VEGFA rs699947 ( Table 1) . A deviation from HWE was noted for the CON group when all participants (p=0.045) were analysed.
Inferred haplotypes
Inferred haplotypes were constructed for the BGN gene using the genotype data (rs1042103 A>G and rs1126499 C>T) for the male and female participants separately ( Figure 1 ). All of the haplotypes had a frequency greater than 5%. When the frequency distribution of the haplotypes between the male and female participants were analysed there were no significant differences. The BGN (rs1042103 -rs1126499) C-G haplotype was most frequent in both males and females while the A-C haplotype was the least frequent. There was a difference in the frequency of the T-A haplotype between males and females (males: 32%, n= 83; females: 23%, n= 27; p=0.234).
When only the male participants were analysed the T-A haplotype Biglycan, a small leucine-rich proteoglycan is involved in collagen fibrillogenesis, regulation of bone formation [20] and has also been implicated in the inflammatory pathway, specifically modulating several growth factor and cytokine functions such TGF-β [23] . No independent genotype or allele associations were noted in the South African cohort, besides the inferred haplotype associations. The current study however noted a 1.5 fold increased risk of sustaining an ACLR associated with the BGN rs1042103 A allele in the male participants. In addition, several inferred haplotypes associated with risk modulation were noted in both studies. Specifically, in the South
African cohort the BGN (rs1042103 -rs1126499) inferred C-G haplotype was implicated with decreased risk of ACLR in female participants while no significant associations were noted when only male participants were evaluated [14] . In contrast, the current Polish study implicated the inferred C-A haplotype with reduced ACLR susceptibility when only female participants were evaluated and the inferred T-A haplotype with increased ACLR susceptibility when males were evaluated. It is interesting to note, that the alternate alleles of the inferred haplotypes have been implicated with opposite risk susceptibility in the female (C-G; increased) and male (T-A; decreased) participants between the South African and Polish studies respectively. However, the authors do note that the samples size in both studies is a major limitation for such haplotypes analyses. It is there- 
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fore recommended that the samples numbers be increased for a more comprehensive risk profiling analyses for ACLR susceptibility.
Decorin is the most abundant proteoglycan. The results in this study did not replicate the finding of Mannion et al [14] , more specifically we did not observe the DCN rs516115 G/G genotype to be over-represented in the female control group compared to the ACLR group. Although, a trend was noted in the current study suggesting that the A/G genotype may be associated with reduced ACLR susceptibility and similarly the G allele may be associated with reduced ACLR susceptibility. Therefore, although the findings for the DCN genetic profile were not reproduced in the two studies; there are similarities suggesting that this particular genetic region within the DCN gene requires further interrogation with injury susceptibility.
Functional variants within the VEGFA gene, encoding vascular endothelial growth factor A (a critical regulator of angiogenesis) were recently associated with increased rick of ACLR susceptibility, specifically the rs699947 C/C genotype and C allele [15] . This study did not note any independent associations with this polymorphism with ACLR susceptibility and the frequency distributions were similar to Rahim et al (2014) [15] .
This study in a Polish sample, represents a pilot study to facilitate mapping the genomic region around the ACAN, BGN, DCN and VEGFA loci in an attempt to identify risk associated loci of biological importance across different populations. The results suggest that polymorphisms within the ACAN and BGN genes are associated with altered susceptibility to ACLR. However, one of the limitations to this study is that the small sample size means Bonferroni correction for multiple testing cannot be applied without removing all statistical
